One sentence summary: We tested environmentally isolated Vibrio vulnificus and V. parahaemolyticus isolates for the presence of virulence markers and found that pathogenic subpopulations do not necessarily reflect total species abundance and correlation patterns.
INTRODUCTION
Vibrios are Gram-negative halophilic bacteria that naturally inhabit estuarine and coastal waters across the globe. Consisting of over 100 species, these heterotrophic bacteria contribute to beneficial ecological processes such as carbon cycling and nutrient recycling (Thompson and Polz 2006; Hunt et al. 2008) . However, at least a dozen Vibrio species have been described in human infections (Daniels and Shafaie 2000) , and the annual incidence of Vibrio infections in the USA has been increasing (Crim et al. 2014) . Filter-feeding mollusks concentrate microbes including Vibrios in their tissues, some of which become part of the normal microflora in these organisms. Consequently, shellfish such as clams and oysters, which are often consumed raw or undercooked by humans, represent a potential vehicle for foodborne pathogens. According to a recent report by the CDC, an estimated 80 000 people contract foodborne Vibrio infections each year in the USA, resulting in over 500 hospitalizations and 100 deaths, the great majority of which are due to Vibrio vulnificus and V. parahaemolyticus (CDC 2016) . Furthermore, these two species are listed by the FDA as 2 (of 12) bacterial pathogens of greatest concern in seafood processing (FDA 2011) . In addition to their impact on human health, the presence of these pathogens in shellfish creates a significant problem for the shellfish industry when an outbreak or incidence of infection occurs.
Vibrio vulnificus is responsible for 95% of all seafood-related deaths in the USA earning its name as the most deadly foodborne pathogen in this country (Hlady, Mullen and Hopkin 1993; Oliver 2006a,b; Bross et al. 2007) . While most V. vulnificus cases occur following ingestion of raw or undercooked oysters, clamassociated infections have also been documented (CDC 1999; Slayton et al. 2014) . Disease onset is often rapid (<24 h postexposure) and is characterized by symptoms such as abdominal pain, fever, chills, nausea and vomiting, which can progress to severe septic shock, organ failure and the development of necrotizing bullous lesions on the extremities (Jones and Oliver 2009 ). The mortality rate associated with this pathogen has been reported to be as high as 50%, and survival is largely predicated upon the health of the patient, as immunocompromised individuals have a higher susceptibility for infection (CDC 1996; Oliver 2006a,b; Bross et al. 2007; Jones and Oliver 2009 ). Furthermore, V. vulnificus can cause wound infections if allowed to enter exposed cuts or insect bites. These wounds can potentially develop into severe necrotizing fasciitis, which requires extensive tissue debridement and potential amputation at the site of infection. Wound infections can also progress to septicemia and even death (ca. 25% mortality rate) in susceptible individuals (Jones and Oliver 2009) .
Given the prevalence of V. vulnificus in shellfish and coastal waters, combined with the number of at-risk consumers, it has been predicted that infections should occur more often than is observed. This lower-than-expected incidence of disease is largely due to genetic differences between strains of this species. Vibrio vulnificus is grouped into three biotypes with biotype 1 strains being responsible for the majority of human infections. Within biotype 1 strains, genetic polymorphisms in the virulence-correlated gene (vcg) serve as a primary feature to distinguish strains of clinical (C-) genotypes from those of environmental (E-) genotypes Oliver 1999, 2008b) . C-genotypes are highly correlated with disease, with one study revealing that 93% of isolates from clinical cases were of this genotype Oliver 1999, 2008a; Rosche, Yano and Oliver 2005) ; however, genotype is not always a predictor of virulence as E-genotypes are occasionally isolated from clinical cases as well (Thiaville et al. 2011; Bier et al. 2013) .
While it has been consistently demonstrated that salinity and seasonality influence the diversity of V. vulnificus in the environment (Kaspar and Tamplin 1993; Motes et al. 1998; Arias et al. 1999; Randa, Polz and Lim 2004; Thompson and Polz 2006; Johnson et al. 2012; Froelich et al. 2015 Froelich et al. , 2016 , the proportional abundance of C-and E-genotypes appears to be more complex. Along the Atlantic coastline of the USA, C-and E-genotypes have consistently exhibited an unexplained abundance disproportion within the same samples, with E-genotypes routinely outnumbering C-genotypes by more than 10-fold (Warner and Oliver 2008a; Baker-Austin et al. 2009; Bier et al. 2013; Froelich and Oliver 2013; Reynaud et al. 2014; Froelich et al. 2015) . Egenotypes attach to chitin and marine aggregates more efficiently relative to C-genotypes, which may partially explain the predominance of E-genotypes within oysters, since incorporation into marine aggregates results in preferential uptake and retention by oysters feeding on these chitin-based conglomerates (Froelich, Ayrapetyan and Oliver 2013; Oliver 2014, 2015) . These studies offer insight into the observed population dynamics of C-and E-genotypes along the US Atlantic coast; however, a few studies have reported an opposite trend, such as Gonzalez et al. (2014) , who found 68% of V. vulnificus isolates collected in mudflats along the Virginia coast to be C-genotype. Additionally, Yokochi et al. (2013) found Cgenotypes to predominate (>85%) in three different sites along Japan's coastline. These differing studies underscore the need for a better understanding of the biotic and abiotic factors that influence the spatial and temporal distribution of C-and Egenotypes.
Vibrio parahaemolyticus is the leading cause of bacterial seafood poisoning in the USA and produces a variety of syndromes, of which gastroenteritis represents ca. 60%-80% of infections (Levine and Griffin 1993) . Infection can result from the ingestion of raw or undercooked oysters, clams and mussels. Initial symptoms are similar to those of V. vulnificus and include diarrhea with abdominal cramps, nausea, vomiting, headache, chills and low grade fever (Yeung and Boor 2004) . Infections are typically self-limiting; however in rare cases, fatal septicemia may occur in immunocompromised patients. Whereas V. vulnificus cases appear to be sporadic, V. parahaemolyticus has caused several major outbreaks of disease and has even become pandemic (Ceccarelli et al. 2013; Velazquez-Roman et al. 2013; Pazhani et al. 2014) . Of special concern is the increasing number of V. parahaemolyticus outbreaks occurring in regions of the world with typically cooler water temperatures, which has been strongly linked to the trending increases in surface seawater temperatures as a result of climate change (Baker-Austin et al. 2010 , 2017 Martinez-Urtaza et al. 2010; Vezzulli et al. 2016) .
Virulence markers associated with disease-causing strains of V. parahaemolyticus include two hemolysin genes: thermostable direct hemolysin (TDH) and the TDH-related hemolysin (TRH) (FAO/WHO 2011). Pathogenic strains harbor one or both of these genes; however, it is important to note that other virulence factors such as the type III secretion system are possibly involved in the pathogenic mechanism of this bacterium, since roughly 10% of infections in the USA have been caused by strains that lack the virulence-associated hemolysin genes (Park et al. 2004; Jones et al. 2012; Ceccarelli et al. 2013) .
Vibrio parahaemolyticus densities in shellfish and waters are strongly influenced by water temperature (DePaola et al. 2003; Zimmerman et al. 2007 Johnson et al. 2010 Johnson et al. , 2012 Julie et al. 2010; Cruz, Hedderley and Fletcher 2015) ; however, there have been conflicting reports regarding the relationship between V. parahaemolyticus abundance and salinity. Some studies have identified a relationship between V. parahaemolyticus and salinity (Zimmerman et al. 2007; Martinez-Urtaza et al. 2008; Yu et al. 2013; Tey et al. 2015) , whereas other have not (Deepanjali et al. 2005; Parveen et al. 2008; Kirs et al. 2011; Johnson et al. 2012; Cruz, Hedderley and Fletcher 2015; Froelich et al. 2015) ; thus, the role salinity plays in V. parahaemolyticus abundance is difficult to generalize. Furthermore, a number of studies on the abundance of total and potentially pathogenic V. parahaemolyticus abundance have found that pathogenic subpopulations are not proportional to the total V. parahaemolyticus population (Zimmerman et al. 2007; Julie et al. 2010; Johnson et al. 2012) ; thus, high total counts do not necessarily indicate that pathogenic isolates will more likely be present.
Despite the worldwide ubiquity of these two pathogens, abundance in the environment and shellfish varies across geographical locations and seasons (Motes et al. 1998; Zimmerman et al. 2007; Parveen et al. 2008; Warner and Oliver 2008a; BakerAustin et al. 2010; Froelich et al. 2015 Froelich et al. , 2016 . Furthermore, we recently reported that clam and oysters collected from the same site harbored substantially different levels of V. vulnificus and V. parahaemolyticus (Froelich et al. 2016) , indicating that shellfish biology can influence resident Vibrio populations. Lastly, differences in pathogenic potential within strains of these two species raises the question as to whether simply assessing abundance of total populations is sufficient for risk assessment. The current study elaborates on a multiyear dataset in which we have continually documented the abundance and distribution of V. vulnificus and V. parahaemolyticus in five environmentally distinct sites along the N.C. coastline (Froelich et al. 2015 (Froelich et al. , 2016 . The goal of the current study was to assess V. vulnificus and V. parahaemolyticus isolates for virulence markers to determine if total V. vulnificus and V. parahaemolyticus reflect the same abundance and correlational patterns as their pathogenic subpopulations. The findings reported herein add to the growing assemblage of studies striving to tease apart the environmental factors that influence pathogenic Vibrio abundance. Collectively, these studies contribute relevant information to regulatory agencies, the shellfish industry and public health officials in order to identify high-risk environmental conditions.
METHODS

Sampling locations and environmental parameters
Oysters (Crassostrea virginica), clams (Mercenaria mercenaria) and water samples were collected from five sites along the eastern North Carolina coast (see Froelich et al. 2016 for map). These harvest sites were chosen to represent the range of high and low salinity environments, some of which experience large variations in salinity fluctuations, while others have a very small salinity fluxes (Tables 1 and 2 ). Environmental parameters were collected as previously described (Froelich et al. 2016) . Briefly, at each collection event, water temperature was measured and salinity was measured with an HI 96 822 digital refractometer (Hanna Instruments, Carrollton, TX, USA). Depth of shellfish was measured by hand at the time of each collection. Dissolved oxygen (DO) was measured using an Orion 5 Star handheld probe (Thermo Scientific, Waltham, MA, USA), and pH measurements were taken with a Denver Instrument (Bohemia, NY, USA) UB-5 pH meter. To determine total suspended solids (TSS), water samples were vacuum filtered through a pre-dried, pre-weighed 25 mm glass microfiber filter (GE Life Sciences, Pittsburgh, PA, USA), with a minimum of 100 ml of water. Filters were ovendried and then reweighed.
Sample collection and processing
Clams and oysters were collected routinely from February 2013 to October 2015. Detailed methods for sample collection and processing can be found in the study by Froelich et al. (2016) . Briefly, at each sampling event, five oysters and/or five clams were collected, and were transported on ice and processed within 5 h of collection. Shellfish were aseptically shucked and the meats of all five samples were combined, weighed and diluted with sterile phosphate-buffered saline (PBS) at a 1:1 w:v ratio and blended in a paddle blender (Fisher Scientific, Waltham) for 10 min at 280 rpm. Diluted (1:10 in PBS) and undiluted homogenate were spread plated onto Vibrio selective media as described below.
Each time shellfish were collected, 1 l water samples were also collected and transported on ice along with shellfish. Water samples of 1 to 10 ml were vacuum-filtered through a 47-mm diameter, 0.45-μm pore-size mixed cellulose ester filter (Pall, Port Washington, NY) and filters were placed on selective media as described below. 2013) and is used regularly for the primary isolation of these two enteric pathogens (Froelich et al. 2012 (Froelich et al. , 2015 Gonzalez et al. 2014; Shaw et al. 2014) . After incubation, the number of presumptive V. vulnificus and V. parahaemolyticus colonies was documented, and 10-25 colonies of each presumptive species were further cultivated in heart infusion (HI) broth (Becton, Dickinson and Company [BD], Franklin Lakes, NJ, USA) for molecular confirmation. Pure cultures were boiled for 10 min followed by centrifugation at 10 000 × g for 10 min to separate aqueous DNA from cellular material. Supernatants, to be used for PCR templates, were stored at -20 • C until examined. Using primers described by Tarr et al. (2007) , presumptive V. parahaemolyticus isolates were confirmed using the pollar flagellin E (flaE) gene. Isolates that positively amplified the flaE gene were further typed for the virulence markers TDH and TRH using primers previously designed (Nishibuchi and Kaper 1985; Honda et al. 1991; Honda and Iida 1993) . Vibrio parahaemolyticus strains SAK11 (tdh+/trh-), AQ4037 (tdh-/trh+) and F11-3A (trh+/tdh+) were used as positive controls and nuclease-free water was used as a negative control. Presumptive V. vulnificus isolates were confirmed based on the presence of the hemolysin/cytolysin gene (vvhA) using primers detailed by Warner and Oliver (2008b) . Isolates that positively amplified vvhA were further genotyped using a multiplex PCR based on the identification of one of two alleles of the virulencecorrelated gene (vcg), using primers and protocols previously published by Warner and Oliver (2008b) , with slight modifications as previously described by Froelich et al. (2015) . Vibrio vulnificus strains CMCP6 (vcgC+) and JY1305 (vcgE+) were used as positive controls. To quantify V. vulnificus and V. parahaemolyticus abundance, two steps were taken. First, the number of presumptive colonies was adjusted to presumptive CFU per gram of shellfish tissue or CFU per milliliter of water (to account for dilutions and differences in oyster weight or volume of seawater filtered). Second, to account for the presence of false-positive isolates growing on CHROMagar Vibrio, CFU/g or CFU/ml values were multiplied by the percentage of isolates confirmed to be V. vulnificus or V. parahaemolyticus.
Correlations between Vibrio populations and environmental parameters were determined by calculating Spearman's rank correlation coefficient (Graphpad Prism software). Total V. vulnificus, V. vulnificus C-genotype and E-genotype subpopulations and total V. parahaemolyticus abundance values were tested against temperature, salinity, TSS and water depth. Resulting r-correlation coefficients and associated P-values are shown in Table 4 . Note, correlational analyses were not performed on pathogenic V. parahaemolyticus subpopulations due to the low number of positive samples.
RESULTS AND DISCUSSION
Total and pathogenic Vibrio parahaemolyticus abundance and distribution
Of 1011 V. parahaemolyticus presumptive isolates, 57.6% were molecularly confirmed to be this species. A total of 11 isolates (1.9%) possessed one or both of the hemolytic virulence genes (trh and tdh) indicating the presence of potentially pathogenic strains ( Fig. 1 and Table 2 ). This percentage is in agreement with a number of studies on pathogenic V. parahaemolyticus levels along the Atlantic coastline (Baker-Austin et al. 2008; Parveen et al. 2008) and across the globe (RobertPillot et al. 2004; Martinez-Urtaza et al. 2008; Kirs et al. 2011; Yu et al. 2013; Cruz, Hedderley and Fletcher 2015; Tey et al. 2015; Caburlotto et al. 2016) , which have shown that pathogenic levels represent only a small fraction of the total V. parahaemolyticus in shellfish at the time of harvest. However, other studies have reported relatively high percentages of strains harboring virulence-associated tdh/trh genes (DePaola et al. 2003; Deepanjali et al. 2005; Johnson et al. 2012; Velazquez-Roman et al. 2012; West, Klein and Lovell 2013) . Interestingly, a recent study of V. parahaemolyticus abundance at two sites along the South Carolina coast found approximately half of oyster isolates to harbor tdh and/or trh virulence-related genes (Klein and Lovell 2016) .
Given the low number of virulent isolates detected in the current study, correlation analyses were not performed; however, Table 3 reveals that these isolates were collected from a range of sites at different times of the year (as early as March, and as late as November). This is in agreement with a study by Baker-Austin et al. (2008) in which no correlations between virulent strains and site, sample type or season of isolation were identified. While V. parahaemolyticus risk estimates assume that pathogenic levels can be reliably inferred from total V. parahaemolyticus levels (FAO/WHO 2011), a number of studies have Figure 1 . Bubble plots of total V. parahaemolyticus abundance (gray disks) and pathogenic V. parahaemolyticus abundance (black disks) in oysters (A), clams (B) and water (C). Each disk represents a single sampling event. Disk size is proportional to abundance and is plotted in relation to the temperature and salinity of the site at the time of sample collection. Raw V. parahaemolyticus data used to generate bubble plots can be found in Table S1 (Supporting Information). found that pathogenic subpopulations are not necessarily proportional to the total V. parahaemolyticus population (McLaughlin et al. 2005; Zimmerman et al. 2007; Julie et al. 2010; Johnson et al. 2012 ). In the current study, 64% (7/11) of confirmed pathogenic V. parahaemolyticus isolates were obtained when no other V. parahaemolyticus isolates were present (Fig. 1) . This indicates that total V. parahaemolyticus densities are not sufficient to predict the likelihood of infection. Indeed, this concern was exemplified by the 2005 V. parahaemolyticus outbreak in which Alaskan farmed oysters containing very low (<10 MPN/g) levels of V. parahaemolyticus harbored 100% tdh+ strains (McLaughlin et al. 2005) . Vibrio parahaemolyticus concentrations strongly correlated with temperature (Table 4) supporting the well-known seasonality of this bacterium, with the majority of shellfish isolates (87%) and water isolates (96.4%) being collected during the warm season (May through October). Interestingly, 27% of shellfish sampling events yielding no positive isolates came from warmer waters (≥20
• C) suggesting that temperature is not the only environmental parameter driving V. parahaemolyticus abundance. Current risk estimates depend heavily on water temperature as the primary predictor of V. parahaemolyticus presence and abundance in oysters; however, whether pathogenic subpopulations follow this same trend is unclear (FAO/WHO 2011; Johnson et al. 2012) . For example, DePaola et al. (2003) identified an inverse relationship between water temperature and the prevalence of pathogenic isolates. In the current study, 64% (7/11) of pathogenic V. parahaemolyticus isolates were collected during the cold season (November through April), when water temperatures were below 18 • C. Again, this observed difference between total and virulent V. parahaemolyticus presence indicates that this subpopulation does not follow total V. parahaemolyticus seasonal trends.
Vibrio vulnificus C-and E-genotype abundance and distribution
Of 1621 presumptive isolates, 43.2% were determined to be V. vulnificus using molecular confirmation. Based on the virulencecorrelated gene (vcg), 89.0% of V. vulnificus isolates were determined to be environmental (E-) genotypes, 5.3% were clinical (C-) genotypes and 5.7% were untypeable (i.e. did not amplify either allele). Thus, the current multiyear study shows that Egenotypes still predominate in oysters and waters relative to Cgenotypes, with E-genotypes representing 89.7% and 86.2% of the total V. vulnificus in shellfish and waters, respectively (Fig. 2) . Overall, there was a significant positive correlation between Cand E-genotypes (r = 0.473, P < 0.0001) suggesting a tight relationship between total V. vulnificus and pathogenic subpopulations, and this information may be useful for the development of future risk assessments. Of the clam isolates collected, only 1 C-genotype was isolated and 77% of clam sampling events yielded no V. vulnificus (Fig. 2B) . This highlights our previous finding that clams typically harbor much lower levels of V. vulnificus (Froelich et al. 2016) relative to oysters, and the current study reveals that C-genotypes are a minority in this mollusk, as is seen in oysters. Despite the low abundance of V. vulnificus isolated in clams reported here, there is increasing concern regarding the number of Vibrio infections Figure 2 . Bubble plots of V. vulnificus E-genotype abundance (gray disks) and C-genotype abundance (black disks) in oysters (A), clams (B) and water (C). Each disk represents a single sampling event. Disk size is proportional to abundance and is plotted in relation to the temperature and salinity of the site at the time of sample collection. Raw V. vulnificus data used to generate bubble plots can be found in Table S1 (Supporting Information).
that have been reported as a result of consuming raw or undercooked clams. Further studies on the abundance and prevalence of pathogenic Vibrios in clams are warranted, as has been previously advised to understand the level of risk associated with this bivalve (CDC 1999; Slayton et al. 2014; Froelich et al. 2016) .
Vibrio vulnificus abundance is favored by warm water temperatures causing this organism to exhibit distinct seasonal variations. Throughout the duration of the study, water temperatures ranged from 4.4
• C to 29.4
• C (average 19.9
• C) and both C-genotypes and E-genotypes exhibited a significant positive correlation with temperature (Table 4) . As expected, the vast majority of isolates (over 95%) were collected between the months of May and October in both shellfish and the surrounding waters during which the average water temperature was 24.6
• C and never dropped below 18.3
• C (Fig. 2) .
While V. vulnificus is capable of tolerating wide salinity ranges from 1 to 35 ppt (Kaspar and Tamplin 1993; Tan et al. 2010) , this bacterium typically exhibits an optimal salinity range of 15-25ppt (Oliver, Warner and Cleland 1983; Kaspar and Tamplin 1993; Motes et al. 1998; Arias et al. 1999; Randa, Polz and Lim 2004; Froelich et al. 2012) . As anticipated, high salinity had a significant negative effect on V. vulnificus densities; however, this effect was more prominent in E-genotypes (Table 4). Regardless of isolation source (shellfish or water), Egenotypes exhibited a strong inverse relationship with salinity (Table 4) . Conversely, C-genotypes in shellfish correlated with salinity, whereas C-genotypes isolated from water did not. Thus, while salinity may drive C-and E-genotype abundance within shellfish, this bottom-up control does not appear to strongly influence C-genotypes suspended in the water column. Interestingly, nearly half (48.6%) of the C-genotypes isolates were obtained from water samples, whereas the majority (79.9%) of E-genotypes were isolated from shellfish. Of the confirmed C-genotypes, 54% were isolated from Harlowe Creek, a site with a larger salinity range relative to the other sites (Table 1) , whereas the majority of E-genotypes were isolated from the South River (a site with a consistently lower salinity). Furthermore, the majority of E-genotypes (72%) were isolated when water salinity was <20 ppt, whereas 57% of C-genotypes were isolated when the water salinity was >20 ppt. These findings suggest that C-genotypes may have a higher salinity optimum relative to E-genotypes and laboratory-based studies comparing the salinity growth range, growth optimum and halotolerance of these two genotypes could potentially substantiate this claim.
DO and pH did not appear to influence V. vulnificus C-or Egenotype abundance in shellfish or water. However, E-genotype abundance exhibited a weak but significant positive correlation with water depth (Table 4) . Although water depth is a proxy measurement, it is tempting to speculate that this correlation exists due to differences between intertidal oysters and subtidal oysters. Samples were collected from waters ranging from 0 feet (exposed intertidal oysters) to 7 feet in depth (permanently submerged subtidal oysters). Subtidal oysters submerged throughout the day are privy to longer feeding periods providing greater exposure to Vibrios in the water column. At low tide, intertidal oysters experience enhanced stress due to heating from direct sunlight and an inability to feed or depurate during this period of exposure (Zhang et al. 2016) , and this change in oyster physiology could negatively influence V. vulnificus abundance. While further studies would be needed to substantiate this hypothesis, a recent study by Jones et al. (2016) found that intertidal oysters re-immersed by the incoming tide depurated V. vulnificus to >1 log MPN/g below the initial levels.
Vibrio vulnificus E-genotype abundance also exhibited a significant positive correlation with TSS in both shellfish and water, whereas this relationship was not observed with C-genotype abundance. TSS is a measure of particulates (i.e. plankton, silt, wastes) suspended in the water column, and is related to turbidity. Some environmental investigations have identified a relationship between suspended particulate matter and Vibrio spp. abundance (Zimmerman et al. 2007; Julie et al. 2010; Johnson et al. 2012) , and a number of studies have established the importance of plankton on the ecology of Vibrios (Pruzzo, Vezzulli and Colwell 2008; Turner et al. 2009; Johnson et al. 2010; Rehnstam-Holm et al. 2010; Asplund et al. 2011; Martinez-Urtaza et al. 2012) . Moreover, we have previously demonstrated the higher propensity of E-genotypes to attachment to chitin and marine aggregates relative to C-genotypes (Froelich, Ayrapetyan and Oliver 2013; Oliver 2014, 2015) . The correlational patterns observed between E-genotype abundance and water depth and TSS could be insightful in discerning the niche preferences of C-and E-genotypes, and therefore deserves further investigation.
Sporadic Vibrio vulnificus abundance in shellfish
Throughout the duration of this 33-month study, the average V. vulnificus abundance was 5.1e2 CFU/g and one oyster sampling period (South River in June 2015) resulted in considerably high V. vulnificus levels (1.2e4 CFU/g) relative to all other sampling events, with the second highest concentration being nearly 2-fold lower (6.2e3 CFU/g, South River, August 2016). Additionally, with the exception of one clam sampling event (Harlowe Creek, October 2016) which yielded 6.1e3 CFU/g V. vulnificus, all clams sampled harbored < 600 CFU/g V. vulnificus, with 77% of samples having undetectable levels. Given our method of sample pooling, we cannot ascertain whether all of the shellfish tested on the aforementioned days contained high levels of V. vulnificus, or if this spike in numbers was attributable to a single mollusk. Previous studies have documented similar events in which individual oysters harbored substantially high levels of V. parahaemolyticus relative to neighboring oysters (Kaufman et al. 2003; Klein and Lovell 2016) . These 'hot' shellfish signify an important concern for shellfish safety management as they may be the cause of sporadic Vibrio spp. infections.
The environmental and/or physiological explanations for the observed sporadic increase in V. vulnificus levels within shellfish are unclear and should be monitored more closely in future studies. Interestingly, our recent in vitro studies found reproductively ripe female clams to retain up to 2.6e4 CFU/g V. vulnificus relative to clams not actively producing gametes, which typically retained ca. 800 CFU/g (B.L. Phippen and J.D. Oliver, unpublished) . Our findings suggest that the reproductive stage of shellfish may influence V. vulnificus abundance which is supported by De Decker et al. (2011) , who found reproductively mature oysters to be more susceptible to vibriosis by two oyster pathogens. While it is commonly assumed that V. vulnificus is a commensal bacterium in shellfish such as clams and oysters, it may be that Vibrios tend to have a high affinity for gonadic tissues regardless of whether colonization results in vibriosis. Contrarily, it is quite possible that commensal Vibrio-shellfish relationships can turn pathogenic based on the physiological status of the host (indeed, this is the opportunistic nature of V. vulnificus in the human host). Spawning is energetically expensive and studies have shown that this process compromises the oyster immune system increasing susceptibility to pathogens (Li et al. 2009 ); thus, our lab is currently in the process of further investigating the relationship between shellfish gametogenesis and Vibrio spp. colonization, with a particular focus on V. vulnificus.
The results of this multiyear study revealed that the abundance and correlations of pathogenic subpopulations did not always reflect that of total Vibrio spp., a finding that is of clinical relevance. Furthermore, the observed transient spikes in V. vulnificus abundance within shellfish presents a concern for the shellfish industry as these 'hot' shellfish could be the source for sporadic outbreaks of disease. While long-term monitoring of Vibrio spp. abundance is critical to understand how temporal environmental fluctuations influence Vibrio populations, short-term studies with intense sampling periods could provide greater resolution to our understanding of Vibrio dynamics in the environment.
